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A new DNA endonuclease ha* been purified 3000-fold from 
Escherichia coli. The enzyme specifically catalyze* the for- 
mation of single strand break* at apurinic and apyrimidinic 
sites in DNA, but has no activity on intact or single-stranded 
DNA. Further, the enzyme shows little or no activity on 
heavily ultraviolet-Irradiated DNA, hut cleave* x-lrradiated 
DNA. presumably at apurinic and apyrimidinic sites Intro- 
duced by the radiation treatment. The entyme, which is 
tentatively named endonuclease IV, ha* no detectable asso- 
c;*ted exonuclease or DNA .V-glycosidase activity and doe* 
not seem to be identical with any previously known E. coli 
endonuclea*e. Endonuclea*e IV ha* no Mr** requirement, 
and is fully active In the pre*ence of EDTA. Enryme activity 
Is stimulated by 0.2 to 0.3 m NaCI and is unusually salt- 
resfstant. Further, the enxyme I* fairly heat-stable, and is 
not inhibited hy tRNA. The sedimentation coefficient, *tV«-« 
I* 3.4 S. It aeems likely that endonuclease IV Is active in 
DNA repair. 



Endonuclease* that specifically introduce single strand 
breaks at apurinic site* in DNA have been isolated from many 
sources, including Escherichia coli (1). The main enzyme ac- 
tivity of this kind in E. coli cell extracts ha* been shown to be 
identical with a previously known E. coli nuclease, DNA 
ex nuclease ill <2, 3). It would appear that this enzyme acts a* 
a DNA exonuclease and 3'-pho*phatase, and in addition 
cause* incision* at apurinic aite* in DNA. 

Several E. coli mutants defective in this major endonuclease 
activity for apurinic *ite* have recently been isolated (4-6). 
Such mutants, xthA , are slightly more sensitive to methyl- 
m thanesulfonate than wild type £. co/i . indicating that they 
are DNA repair-defective. Crude cell extract* of xthA mu- 
tants still contain about 10% of the normal level of endonucle- 
ase activity for apurinic site* in DNA. This residual activity 
differ* In EDTA sensitivity and heat stability from the endo- 
nuclease function of exonuclease III, and was found to be 
present in similar amounts in wild type strain* and in several 
xthA mutants, including an xthA deletion mutant (5). Thus, 
th activity clearly depended on ne or several enzymes differ- 
ent from exonuclease III. Most of this activity on DNA con- 
taining apurinic sites seems to be due to a new enzym , 
tentatively called E. coli DNA endonuclease IV, as it does not 
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have detectable associated exonuclease activity. The present 
paper describes the purification and characterization of endo- 
nuclease IV. 

MATERIAL* AND METHODS 

Nucleic Acid* 

Escherichia coli B/r |«P|DNA (20,000 cpm/*f) was prepared ac- 
cording to the method of Grossman (7) and phage T7 CHJDNA 
(56,000 cpm/ jig) according to the method of Richardson (8). Phage 
PM2 ("PjDNA (3.600 cpm/fig measured as Cerenkov radiation in 
H t O) which has a covalently closed circular duplex structure, was 
made according to the method of Masamune and Richardson (9). 
I'HIUridine-labeled PBS-1 DNA (42,000 cpm/jig) was a gift from T. 
Lindahl. Karolinska Institute. Calf thymus DNA was purchased 
from Worthington Biochemical Co. E. coli tRNA and yeast tRNA 
were made by standard methods (10). 

For the preparation of depurinated alkylated DNA (1). E. coli 
|«P|DNA (50 jift/ml> in 0.05 m potassium phosphate, pH 7.4, was 
treated wi«h 0.3 M methyl methanesu I fonate at 3T for 45 min. Re- 
maining tnethylmethanesulfonste was then removed by dialysis 
against 0.2 m NaCI, 0.01 m sodium citrate, 0.01 M sodium phosphate, 
pH 7.0, at r for 16 h. The alkylated DNA was incubated at 6<r for 6 h 
to release methylated purine residues. The partly depurinated DNA 
was dialyted against 0.1 u NaCI, 0.01 m sodium citrate, pH 6.0, at T 
for 20 h, and was stored in several small aliquot* at -70*. 

Phage DNAs containing small numbers of apurinic sites were 
prepared by brief incubation at 70* in 0.1 H NaCI, 0,01 M "odium 
citrate, pH 5.0. Under these conditions, one apurinic site per PNi< 
DNA molecule was introduced in 7 min (11). 

Ultrsviolet-imiHisted DNA wss made essentially as previously 
described (12). PM2 |"P|DNA (9 |ig/ml in 0.015 m NaCI, 0.0015 m 
trisodium citrate. pH 7.0) was Irradiated with a preca libra ted. low 
pressure mercury lamp. After irradition of the DNA, 0.05 volume of 2 
m NaCI was added. Heat treatment of a part of the irradiated DNA 
was then performed by incubation at 70* for 30 min. 

X irradiated PM2 DNA was obtained by irradiation of the DNA 
(17 Mg/ml in 0.1 m NaCI, 0.02 M Tris/HCI, 10" M EDTA, pH 7.1) 
under air, with the DNA solution in a small chilled Petri dish. A 
Siemens roentgen unit was the source of 190 kV x-rays filtered with 
aluminium, and the dose rate was 350 rads/min. After irradiation, 
0.05 volume of 2 m NaCI wan added, and one-half of the DNA solution 
was kept st 0*, while the other half was Incubsted at 70* for 30 min. 
Irradiation of the DNA, subsequent incubation with enryme, and 
analysis by gradient centrifugation were always performed on the 
same day. 

Reagent Enzyme* and Other Material* 
E. coli alkaline phosphatase, bovine pancreatic DNase I, bovine 
catalase, and egg white lysoryme were purchased from Worthington, 
and bovine carbonic anhydrase and ovalbumin from Sigma. Micro- 
cotru* tutru* ultraviolet endonuclease was prepared according to the 
method of Kaplan rf a/. U3> up to the DNA<ellulo*e chromatoffra- 
phy step. E coli thioredoxin was a gi ift from A. Holmjrren. Karolin- 
ska Institute. 

Ammonium sulfate, special enryme grade, was purchased from 
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Schwarx/Mann; Hep©*. 1 a ndp -hydroxy me rcuribentoate from fllirma; 
and Sephadex G-75. Sephadex G- 100. and blue dextran from Phar- 
macia. Native DNA-cellulo*e containing calf thymus DNA wm pre- 
pared according to the method of Albert* and Herrick (141. and 
hydroxys pa lite according to the method of Bernard i (15). 

Analytical Procedure* 

Centrifu*ations in linear 5 to 20* sucrose RradienU were done at 
40,000 rpm and 5* in a Spinco SW 41 rotor. Neutral gradients con- 
tained 0.02 m aodium phosphate. 10 3 u EDTA. pH 7.0. while alka- 
line gradient* contained 0.5 m NaCI. 0.3 m NaOH, 0.01 m EDTA. 
PM2 DNA wan centrifuged for 6 h in neutral gradient* and 3 h in 
alkaline gradient*, while T7 DNA wan centrifuged for 5 h in both 
type* of gradient*. Fraction* were collected from the bottom* of the 
tube*. Prior to ana lysis in alkaline gradient*, all DNA solutions 
were mixed with 1 volume of 0.4 M NaOK'snd incubated at 20" for 16 
h to cleave the chain* at apurinic and apyrimidinic sites (II). 

The molecular weight and frictional ratio of the endonuclease 
were evaluated from it* sedimentation coefficient and Stoke* radius 
according to the method of Siegel and Monty (161. a**uming a partial 
*pecific volume of the protein of 0.725 cmVg (17). The reference 
compounds were alkaline phosphatase^ carbonic anhydrase, and ly- 
aozyme in sucro«e gradients, and blue dextran. catalase. alkaline 
phosphatase, ovalbumin, pancreatic DNase. carbonic anhydraae, 
thioredoxin. and 1 1 *C Heucine in gel filtration experiments employing 
Sephadex G-100 

Endonuclease AnMty 
The assay is based on the release of acid-soluble material from 
heavily depurinated, radioactive DNA U. 18). The standard reaction 
mixture (0.1 ml) contains 0.2 M NaCI, 0.05 M Hepes KOH. pH 8.2, 
10 J m EDTA. 10 4 m dithiothreitol, 1 ^g of depurinated alkylated £. 
coii | n P|DNA, 50 ug of bovine serum albumin, a limiting amount of 
enryme (2 to 20 unit*). After incubation at 37* for 30 min, the 
reaction mixtures are chi^-d. 0. 1 ml of 0.8 m perchloric acid is added, 
acid-insoluble material is -^...-ved by centrifugation at 15.000 x g 
for 10 min. and the radioactivity of a 100-m* aliquot of the superna- 
tant solution is determined. One enryme unit, originally defined in a 
more time-consuming transformation a**ay (5, 19). releases 20 pmol 
of "P in an acid-soluble form from the DNA substrate under these 
conditions. 

In reaction mixtures containing bacteriophage DNA instead of E. 
colt DNA, bovine serum albumin was excluded. Hepes- NaOH was 
used instead of Hepes - KOH, and the incubation time at 37* was 
reduced to 15 min. Reactions were stopped by chilling and addition of 
0.1 volume of 2* sodium dodecyl sulfate prior to analysis by micros* 
gradient centrifugation. 

Enzyme Purification 

Growth of Hacterta-E.coli IWttendA I were grown in a glucose- 
salts medium supplemented with 0.2% casamino acids and 0.1** 
yeast extract, and were harvested in the logarithmic growth phase. 
The bacteria were stored at -70*. and disintegrated in a modified 
Hughes press at -25°. 

Crude Celt Extract - Disintegrated bacteria (80 g) were thawed 
and stirred with 300 ml of 0.05 m Tris/HCI, pH 8.0. for 30 min, and 
the debris was removed by centrifugation (Fraction 1). 

All operations were performed at 0-4°. All buffer* contained 10 1 m 
dithiothreitol. Centrifugations were at 20.000 * g for 15 min. Protein 
concentrations were determined by the biuret reaction (Fractions I 
to HI) or by Af* measurement* (Fraction* IV and V). 

Streptomycin Treatment and Ammonium Sulfate Fractionation — 
To Fraction 1. 1 volume of 1.8a (w/v) streptomycin sulfate in 0.05 m 
Tris/HCI, pH 8.0, was slowly added under gentle stirring. Aaer 1 h. 
the precipitate was removed by centrifugation. To the supernatant 
solution (620 ml). 184 g of ammonium sulfate wn« added and slowly 
dis*ol ved. The precipitate formed wa* di*carded after centrifugation. 
An additional 85 g of ammonium sulfate was added to the superna- 
tant and slowly dissolved, and the precipitate was collected by cen- 
trifugation. It was dissolved in 50 ml of 0.2 m NaCI. 0.05 m potassium 
phnnphnte, pH 7.4, and HiaWzed for 3 to 4 h against the same buffer 
(Fraction lit. 

del Ftttratton - Fraction II was applied to a column (4x117 cm) of 
Sephadex G-75 equilibrated with 0.2 m NaCI, 0.05 m potassium 

1 The abbreviation used is: Hepes, 4-<2-hydroxyethyl)-l-pipera- 
zineethanesulfonic acid. 



phosphate, pH 7.4. and eluted with the same buffer. Endonuclease 
IV was eluted after most of the protein, and active fractions were 
pooled (Fraction III). 

Heat Treatment -Fraction III was treated at 65* for 6 min. The 
heating step wan performed with 5- ml portions of the enzyme solu- 
tion in 20-ml test tubes, with a precalibrated thermometer in one of 
the tubes. The rack of tubes was immersed in a 65* water bath, and 
the 5 min incubation period was started when the protein solution 
was within 0 5* of 85*. The heat treatment was stopped by rapid 
chilling in an ice bath. After 30 min at 0°. precipitated protein was 
removed by centrifugation, and the supernatant solution was di- 
alyted against 0.02 m Tris/HCI, pH 8.0, for 10 h (Fraction IV). 

DSA-cettulf*e Chromatography- Fraction IV was applied to a 
column (2.2 * 7.5 cm) of native DNA-cellulose. equilibrated with 
0.02 m Tris/HCI. pH 8.0, 5a glycerol. The column was wa*hed with 
100 ml of the same buffer, and endonuclease IV was eluted with 0.3 * 
NaCI. 0.02 m Tris/HCI, pH 8.0, 6a glycerol. Active fraction* were 
pooled and applied to a DEAE-cellulose column (2 x 2 cm) equil • 
brated with 0.3 h NaCI. 0.02 m Tris/HCI, pH 8.0. 5a glycerol. 
Endonuclea*e IV wa* not adsorbed and was recovered in the effluent, 
while traces of DNA were removed. Active fractions were again 
pooled concentrated about 10-fold with a Diafio ultrafiltration appa- 
ratus, dialyzed against 0.3 m NaCI, 0.02 M Tris/HCI, P» 7.5, 5% 
glycerol for 20 h. mixed with I volume of glycerol, and stored frown 
in several small aliquoU at -70* (Fraction V). In this form, the 
enxyme shows no lo** of activity after 6 months. An alternative 
concentration procedure was also employed. The DNA-celluloae 
eluate was supplemented with 0,02 volume of 0.5 M potassium phos- 
phate, pH 7.5. and applied to a column U.l x 2 cm) of hydroxya^ttta 
equilibrated with 0.3 m NaCI, 0.02 m Tris/HCI, 0.01 m potassium 
phosphate. pH 7.5. After extensive washing of the column with the 
same buffer, endonuclease IV was eluted with 0.3 u NaCI. 0.3 m 
potassium phosphate, pH 7.5. The eluate was mixed with 1 volume of 
glycerol and stored at -7<T. The latter procedure gave lower recover- 
ies of endonuclease activity (30 to 40a recovery) but removed trace 
quantities of uractl-DNA glycosidaae present in Fraction V. as that 
enzyme does not adsorb to hydroxyapatite under the conditions used 

A summary of the purification procedure is given in Table I. 
Fraction V of endonuclease IV was used in all experiment* de- 
scribed. Fraction V is approximately 3.000 time* purified, butlt U 
not a homogeneous enryme, as five to six different protein band* 
have been observed in sodium dodecyl sulfate polyacirlamtde slat 
gel electrophoresis experiment*. Although endonuclease IV »™ WI 
no MV* requirement in the standard enryme assay (see below) 
decreased yields, and a decreased heat stability of the enryme an 
observed if EDTA (10 1 M) is included in the buffers during Uv 
enryme preparation. 

RESULT* 

General Pmpertic* of Purified Enzyme- End nuc! aae IA 
ha« a broad pH optimum at pH 8.0 to 8.5 ir Hepes - KOH buflei 
and show* 50a of the optimal activity at pH 7.5. There is i* 
detectable stimulation or inhibition of the enzyme activity 
when the EDTA in the standard reaction mixture is replace* 
by MgCK (5 x 10 < to 10 1 m> or 10 -» M CaCl, (Tabl II, see al» 

\ 

Table I 

Purification of DNA endonucfeane IV from 80 g of Escherichia colt 

cell* 

The enrvme assav used In the present work Is unreliable wit! 
crude cell extract* due to interference of other nucleases, and th 
date for Fraction I are based on separate determinations of th 
activities of Fractions I and II by a transformation assay (5). 

Totsfpro- Specifics*. ToUlac 
Fraction Volume Uin t j T j ty tivity 



1. Crude extract 
II. Ammonium sulfate 

III. Sephadex G-75 

IV. Heat treatment 
V. DNA-cellulose 



Volume 

'^t 

327 
61 
133 
130 
.2 



7.780 
2.690 
370 
280 



unitMlmg ***** „ 
10 * 

300 2.3 

608 1.64 

3.810 Ml 

4.260 1.17 
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Fi«. 2). Higher concentrations of CaCI, are inhibitory. The 
enzyme activity is unusually resistant to the presence of NaCI 
in reaction mixtures, and retains 50% of maximal activity in 
0.56 m NaCI <Fi*. 1). This property of endonuclease IV may be 
h useful criterium to distinguish it from ther Encherichia coii 
endonucle**es. The enryme is strongly inhibited byp-hydrox- 
vm rcuribenroate, and a reducing agent «uch as dithiothreitol 
Mppears necessary for optimal activity (Table II). On heatin* 
in 0.2 M NaCI, 0.06 m potassium phosphate, 10* J m dithiothrei- 
tol, pH 7.4, endonuclease IV retains full activity after 5 min at 
W\ whil 80 to 90% of the activity is retained after similar 
heating at 65* but < 10% after heating at 60° . Thus, the 
enryme is fairly heat-stable. There is no inhibition of endonu- 
clease IV by E. coii tRN A or yeast tRNA (20 to 600 tmfm\) f nor 
is there any stimulation or inhibition by ATP (Table II). 

Th sedimentation coefficient of endonuclease IV is 3.4 S, as 
determined by sucrose gradient centrifugation together with 
alkaline phosphatase (6.3 S>, bovine carbonic anhydrase (3.06 
8), and egg white lysoryme (2.11 S). The Stokes radius of the 
enzyme was determined by analytical gel filtration to be 25 A. 
These data indicate that endonuclease IV is a globular protein 
of little r no asymmetry, with a molecular weight of 33,000 ± 
3,000 and a frictional ratio, flf m% of 1.18. 

Endonuclease IV has been partly purified and characterised 
from several E. coii strains, including AB1157 iendA*), 
AB1386 (uvrA >, NH5016 ixthA ), and BW9101 (xthA ). The 
enzyme is present in similar amounts in these strains, and no 
E. coii strain deficient in endonuclease IV has so far been 
f und. 

Abnence ofDNA Exonuclease and Phosphatase Activity -£. 
coii ex nuclease III can act as arfexonuclease at the 3' termini 

Table II 

Requirements of cndonucteant IV activity 
The itandard reaction mixture (0.1 ml) contains 0.2 m NaCI, 0.05 
m Hepea KOH (pH 8.2), 10'mEDTA, 10 4 m dithiothreitol, 50 of 
bovine serum albumin, 1 ^ of depurinated alkylated 1»P1DNA 

< 20 ,000 cpm). and 8 enryme uni u. 

Component* added 



E. coii Endonuclease IV 



Add-aolubto material re- 
leased 



Standard reaction ituAtuie 
No EDTA ♦ 10 * M MgCI, 
No EDTA 4 10 • m CsCl, 
No bovine serum albumin 
No dithiothreitol 
No dithiothrtltol ♦ 10 a M 
p«Hydro iy i n er c uribenzoate 

♦ Escherichia coii tRNA (500 fift/ml) 

♦ ATP (2 x \Q~* m) 



cpm 
1410 
1450 
1410 
900 
1320 

30 
1410 
1400 



of double-stranded DNA, as a DNA 3' -phosphatase, and as an 
endonuclease at apurinic sites in DNA (2, 3), Endonuclease IV 
also acts as an endonuclease at apurinic sites in DNA, so it 
was of interest to search for an associated exonuclease or 3'- 
phosphatase activity. No release of acid-soluble material K 
0.1%) from native E. coii l*P|DNA by endonuclease IV was 
observed in the standard reaction mixture or in a reaction 
mixture containing MV <Fig. 2). Similarly, Fraction ID of the 
enzyme showed no detectable exonuclease activity on native 
DNA in the standard reaction mixture. Further, no exonucle- 
ase activity was observed with Fraction V when the DNA 
substrate was heat-denatured prior to use. Under the same 
conditions, release of acid-soluble material from partly depuri- 
nated DNA occurred, but a maximum of 15% of the total 
radioactivity could be released in the standard reaction mix- 
ture (FiR. 2). These data are similar to those previously ob- 
tained with a mammalian DNA endonuclease for apurinic 
sites, which lacks an associated exonuclease activity, but dif- 
fer from those obtained with £. coii exonuclease III (18). 
Further, Fraction V ofE. coii endonuclease IV did not contain 
detectable DNA phosphatase activity K50 unita/mR) when 
measured according to the method of Richardson (3). 

Subntrate Specificity - Fraction V appears to be free from 
endonuclease activity on intact DNA, as there was no detecta- 
ble cleavaRe (<3%) of covalently closed circular PM2 [«P1DNA 
after incut* tion with 1000 enzyme units/ml under the stan- 
dard react km conditions (FiR. 3a). On the other hand, the 
enzyme attacks PM2 DNA containinR apurinic sites (FiR. »). 
Depurination wa. introduced by pH 5 treatment (11), and the 
treated PM2 DNA c^tained 0.9 to 1.0 apurinic site/molecule 
(Fir. 4), With 300, 0Ov, or 1000 enzyme units/ml, 0.8 to 0.9 
chain break were introduced by the enzyme in this partly 
depurinated PM2 DNA, while 0.4 to 0.5 chain break/DNA 
molecule were obtained with 100 enzyme units/ml. Further, in 
a different preparation of partly depurinated PM2 DNA con- 
taininR 0.7 alkali-labile sites/molecule, 0.6 to 0.7 chain break* 
were observed after treatment with 300 enzyme uiuta/mL 
These data indicate that endonuclease IV can make incisions 
at all apurinic sites in DNA, independent of sequence effects. 

Endonuclease IV catalyzes the formation of tm^Q tfxv&t 
breaks at apurinic sites in DNA, not double strand breaks, m 
determined by the same meUmds as previously used to our 
characterization of a mammalian DNA endonuclease (for apu- 
rinic sites (19). Phage T7 |*H]DNA, containing about six apu- 
rinic sites/molecule introduced by pH 5 treatment, had e nedi- 
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Ftc. 1. Relative activity of endonuclease IV (Fraction V, 8 uniU) 
at different NaCI concentrationa. The final NaCI concentration of 
the standard reaction mixture was vcred betv.een 0 and I M. 



Fio. 2. Release of acid-aoluble material from I"P1DNA by endo- 
nuclease IV (Fraction V). O, . depurinated alkylated. HN A; A, -X 
native DNA; O, A. standard assay mixture; , A, same w««« * >< 
10 • m MjrCl, instead of 10 * " 
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